The local geometry around hydrogen and activation energies for hydrogen transfer in undoped, Y-and Al-doped SrZrO 3 have been studied using the density functional theory under the generalized gradient approximation. It is shown that strong O-H bond is formed and orientated towards the outside of the ZrO 6 octahedron in SrZrO 3 . The hydrogen tends to approach the dopant ion in the doped oxides. It is found that large local distortion is induced around hydrogen and dopant ion, and affects the activation energy of hydrogen transfer largely. The calculated activation energies are in agreement with the experimental values in the doped oxides.
Introduction
It is known that many perovskite-type oxides (i.g., SrZrO 3 , SrCeO 3 , BaCeO 3 , BaZrO 3 , CaZrO 3 ) show protonic conduction at relatively high temperatures when acceptor ions are doped into them. 1) These oxides have potential applications for fuel cells, steam electrolysis and hydrogen gas sensors. [2] [3] [4] Extensive experimental researches have been performed in order to elucidate the transport mechanism of proton in the perovskite-type oxides. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] It is believed that the proton exists preferably in the neighborhood of oxygen ions and the OH-like ion bond is formed in the oxide. 16) However, the number of experimental reports on the precise proton position is very limited. Sata et al. 7) have identified the proton position in Sc-doped SrTiO 3 . According to their neutron diffraction experiment, proton exists in the position inside the TiO 6 octahedron, and the O-H bond length is about 0.12 nm. The OH direction leans slightly toward the Ti (or Sc) site, while keeping the angle of about 5 with the O-O edge direction in the octahedron. On the other hand, Hempelmann et al. 11) have reported the results of muon spin relaxation measurements in Sc-doped SrZrO 3 , and shown that proton exists in the plane perpendicular to the Zr (or Sc)-O-Zr (or Sc) connecting line between the two neighboring ZrO 6 octahedra. This proton position is apparently different from the model proposed by Sata et al. Thus, it is still difficult to determine the precise position of proton in the oxides from experiments, despite that the position is a fundamental knowledge to understand the proton transfer mechanism.
The protonic conduction takes place in the oxide through the hopping of proton from one oxygen ion site to the adjacent site. The protonic conductivity may be expressed by adopting a general Arrhenius expression for the ionic conductivity, ',
where A is a constant, q is the charge of proton, c is the number of mobile proton, ÁH is the activation energy for proton transfer, k and T have usual meanings. The magnitude of the conductivity, ', is proportional to a pre-exponential term, and the temperature dependence of ' can be seen in the activation energy, ÁH.
The proton diffuses following the Grotthuss mechanism, 17) proton transfer between the neighboring OH À and O 2À ions, and OH À reorientation around the oxygen center. In most oxides (except for SrCeO 3 14) ), the proton transfer is the rate limiting step, since the reorientation is a rather fast step. 12, 13) Also, proton diffusional process has been debated using a two-state model, [11] [12] [13] which is characterized by the random sequences of a free state for proton to transfer in the undisturbed lattice and a trapped state for proton in the acceptor-doped disturbed lattice. In other words, this model comprises of the repeated sequences of free diffusion periods and trapping events.
11)
Recently, the microscopic mechanism for proton transfer has been theoretically studied by the molecular dynamics simulations [17] [18] [19] [20] and the first principles calculations based on the density functional theory 21) and the molecular orbital method. 22) It is shown from these calculations that the separation between the neighbouring oxygen ions fluctuate by thermal vibrations, and the shortening of the separations by the bending mode (e.g., the O-Ce-O bending mode in BaCeO 3 18) ) lowers the energetic barrier for proton transfer from one oxygen site to the adjacent site. 17, 18) In views of chemical bonding, the activation energy for proton transfer maybe affected by the repulsive interaction of the proton with the metal cation such as Ce, Zr and Ti in BaCeO 3 , BaZrO 3 , SeTiO 3 and CaTiO 3 . 19) Most of previous simulations are, however, concerned with the cubic phase, but not the orthorhombic phase where protonic conduction is observed experimentally. The effect of orthorhombic distortion has been discussed qualitatively and shown that the distortion lowers the conductivity because of reducing the diffusion paths. 14) Furthermore, the importance in the chemical matching between doped and undoped lattices has been pointed out. 15, 22) Despite of these great efforts, there is still a lack of knowledge on the stable position of proton and on the local ionic arrangements around the proton. Furthermore, there is little information on how these local arrangements are modified by acceptor dopants and affect the protonic conductivity.
In this study, such local geometries and formation energetics of hydrogen (or proton) states in the perovskitetype oxide, SrZrO 3 , have been investigated using the planewave pseudopotential method. The present study mainly aims to examine how local ionic configurations affect proton transfer, and how acceptor dopant ions (e.g., Y) play a role in the protonic conduction of the perovskite oxides.
Calculation Method
The first-principles calculations based on density function theory (DFT) are performed in this study with the generalized gradient approximation (GGA) by Perdew et al.
23) The implementation of DFT employed here combines a planewave basis set with the total energy pseudopotential method, as is embodied in the CASTEP code.
24) The present calculations are based on the ultrasoft pseudopotentials proposed by Vanderbilt. 25) The perovskite structure of SrZrO 3 is a framework of corner-sharing ZrO 6 octahedra with the Sr ions in the 12-coodinated by oxygen. As the temperature increases, a phase transition occurs from an orthorhombic phase to the tetragonal phase, and from the tetragonal phase to the cubic phase. The orthorhombic phase is stable from room temperature to about 1000 K, 26) covering almost all the temperature ranges for protonic conduction. Therefore, only the orthorhombic phase is treated in this study. A 2 Â 1 Â 2 supercell is chosen to calculate the orthorhombic phase. Here, the supercell size is specified as the multiple of the unit cell along a, b and c directions. There are 20 atoms per unit cell (Sr 4 Zr 4 O 12 ) in the orthorhombic SrZrO 3 , thus a 2 Â 1 Â 2 supercell contains 80 atoms, (Sr 16 Zr 16 O 48 ). The hydrogen impurity placed in this supercell has a minimum separation of 0.82 nm. The plane-wave cutoff energy is chosen to be 380 eV. Prior to a series of calculations a test calculation is performed with a 5-atoms primitive cell (SrZrO 3 ) containing a neutral hydrogen interstitial. As a result, this cutoff energy is found to achieve the convergence of the formation energies within 0.01 eV relative to the results with cutoff energies up to 600 eV. Numerical integration over the Brillouin zone is carried out at the À point. The perfect crystal supercells are constructed using the optimized lattice constant. The lattice parameters of the defect crystal supercells are fixed to be equal to the theoretical values of the perfect crystal, and only the ions close to the defect (the hydrogen interstitial or the acceptor dopant) are allowed for full relaxation.
The defect formation energy can be calculated using the total energies of the supercells from first principles. The formation energy of a charged hydrogen interstitial in SrZrO 3 , E form , is defined as follows,
where E tot ðH, qÞ is the total energy for a supercell containing a hydrogen impurity in the charge state q, and E tot ðhydrogen-free, qÞ is the total energy for a hydrogen-free crystal supercell. For the charged supercell containing a defect, the jellium background is introduced for neutralization of the total charge. Here energy shifts due to the jellium neturalization are considered to equal to the total energy difference between the netural and the charged supercell of defect-free crystal. Therefore, the jellium effects are included into both the E tot ðH, qÞ and E tot ðhydrogen-free, qÞ terms, and the energy shifts caused by the jellium neturalization are thus cancelled after the subtraction between them according to eq. (2). E f is the Fermi energy, i.e., the chemical potential of the reservoir with which electrons are exchanged. " H is the hydrogen chemical potential, i.e., the energy of the reservoir with which H atoms are exchanged. The " H is a variable depending on environment conditions. Here, it is assumed that
under the hydrogen-rich limit; ð3Þ
under the oxygen-rich limit; ð4Þ
where E tot ðH 2 Þ, E tot ðO 2 Þ, E tot ðH 2 OÞ is the total energy for a supercell containing a hydrogen molecule, an oxygen molecule and a water molecule, respectively. The molecules placed in the supercells are separated by 1.00 nm. Further details about the formalism can be found in Ref. 27) . Our attention will be focused mainly on the dependence of the hydrogen formation energy on the Fermi energy and the hydrogen chemical potential.
Calculation Results and Discussion

Hydrogen site in undoped SrZrO 3
The geometry of undoped orthorhombic SrZrO 3 is firstly optimized, and the lattice parameters are calculated to be a ¼ 0:5854 nm, b ¼ 0:8224 nm and c ¼ 0:5799 nm, which agree well with the experimental values 28) with deviations less than 0.7%. These calculated lattice parameters are fixed in the following calculations of the defect crystals containing hydrogen and/or dopants. The local geometry around the defect (the hydrogen interstitial or the dopant substituent), which basically consists of two connecting ZrO 6 octahedra and four Sr ions outside the octahedra as shown in Fig. 1 , is fully relaxed without any constraints on the symmetry.
As shown in Fig. 1(a) , one hydrogen ion (proton) is assumedly placed in the neighbor of a central oxygen ion, O ð1Þ and H ð1Þ -H ð8Þ eight starting configurations are set up for the calculations. The other possible hydrogen sites differ slightly from these sites due to the distortion and tilting of ZrO 6 octahedra in orthorhombic SrZrO 3 or exist at the intermediate between these sites, so the selected starting geometries can give a representative picture of the hydrogen state in SrZrO 3 . In every case the O-H bond length is set to be 0.1 nm at the beginning. It is found that the relaxations starting from H ð1Þ -H ð5Þ configurations all lead to a similar stabilized hydrogen site with the same hydrogen formation energy, À1:53 eV. Among them, the optimized geometry H 0 ð3Þ
starting from H ð3Þ is given in Fig. 1(b) as an example. It is shown that the hydrogen is tightly bound to the oxygen ion, O ð1Þ and located outside the ZrO 6 octahedron. The optimized O-H bond length is 0.0993 nm, which is slightly longer than the experimental O-H bond length, 0.096 nm, in a H 2 O molecule. The O-H bond orientation is indicated by using the angles between the O-H bond and neighboring O-O bonds, e.g., and , as shown in Fig. 1(b However, this result in SrZrO 3 maybe different from the previous result of molecular dynamics simulation that the influence of hydrogen on the oxygen environment is rather small, according to the analysis of pair-correlation functions in BaCeO 3 , 18, 19) even though the simulation temperature is rather high (900 K Fig. 1(c) as an example. The introduction of hydrogen decreases the neighboring O-O bond length and increases the O-Zr bond length, similarly to the case as described earlier.
By comparing the optimized geometry around hydrogen in between the orthorhombic SrZrO 3 and the cubic SrZrO 3 , 29) it is found that the O-H bond length decreases from 0.1055 nm in the cubic phase to about 0.099 nm in the orthorhombic phase, whereas the Zr-H distance increases from 0.2187 nm in the cubic phase to about 0.23 nm in the orthorhombic phase. The orientation angle of O-H bond, increases from 12.9 in the cubic phase to about 40 in the orthorhombic phase. These geometrical modifications indicate that the hydrogen departs from ZrO 6 octahedron further in the orthorhombic phase than in the cubic phase. It is also noted that there is only one stabilized hydrogen site within the range of O ð2Þ -O ð1Þ -O ð3Þ angle or O ð4Þ -O ð1Þ -O ð5Þ angle. However, the high symmetry in cubic phase leads to two equivalent H stable positions within the same range. It is then supposed that the increase in the symmetry of crystal structure may increase the number of possible stable hydrogen sites, which may facilitate the protonic conduction in the oxide.
Hydrogen site in acceptor-doped SrZrO 3
The perovskite-type SrZrO 3 shows protonic conduction when some acceptor ions are doped into it. To examine the doping effect on the hydrogen site, supercells for Sc, Y, or Al-doped SrZrO 3 are made by substituting a dopant for a Zr ion in the undoped SrZrO 3 supercell, and each structure is optimized by relaxing the positions of the first-and the second-nearest neighbour ions from the dopant. Then the hydrogen is placed in a similar way as is done in the undoped case, e.g., on the H Zr (2) Zr (1) O(4) O (5) O (3) O (2) H' (3) O (1) Zr (2) Zr (1) O ( So it is obvious that hydrogen is more tightly bound to the Al-doped octahedron than the Y-doped octahedron in views of both geometry and energetics. Also, the O ð1Þ -O ð2Þ bond is longer, but the O ð1Þ -O ð3Þ bond is shorter in the Y-doped SrZrO 3 than in the Al-doped SrZrO 3 . Thus, the oxygen-oxygen separation is very sensitive to the dopant ion. The positions of these neighboring oxygen ions can be related to the activation energy of hydrogen diffusion, as discussed later.
Hydrogen formation energy
Using the formalism explained in Sec. 2, the formation energies of hydrogen atom or ion are calculated in undoped orthorhombic SrZrO 3 . As designated in eq. (2), the formation energy of a charged impurity varies depending on the Fermi energy. In Fig. 4 the formation energy of hydrogen in SrZrO 3 is plotted as a function of the Fermi energy for the oxygenrich limit and the hydrogen-rich limit conditions. The result band gap underestimates by 2.24 eV. This discrepancy can be regarded as the deficiency of the GGA approximation, which is commonly found in other DFT calculations. The effect of this GGA band gap error will be discussed later. Under either the oxygen-rich or the hydrogen-rich limit condition, as shown in Fig. 4 , the formation energy of H þ ion is lower than that of H 0 neutral atom over the entire range of Fermi-level positions within the theoretical GGA band gap, E g cal (indicated by a dotted line in Fig. 4) . The result is found to be unchanged by the correction of the GGA band gap. The correction considered here is similar to the method adopted frequently in other DFT calculations. 31, 32) The main points of this correction method are as follows. First, the theoretical conduction band is rigidly shifted upward to match the experimental band gap. Then, the defect energy levels that possess the conduction band character (donor levels) are assumed to follow this upward shift. On the other hand, the defect energy levels that possess the valence band character (acceptor levels) are left unchanged. According to the upward shift of the conduction band, the formation energy of the donor-type defect increases by the energy shift of the conduction band multiplied by the occupation number of the defect state. On the other hand, the formation energy of the acceptor-type defect still remains unchanged. The inspection of band structures indicates that hydrogen does not induce any defect level within the band gap in the present calculation. Instead, the slight modification is found at the bottom of the conduction band due to the introduction of hydrogen. The defect energy level induced by hydrogen impurity is therefore located at or above the conduction band minimum. The additional electron of H 0 atom with respect to H þ ion is placed and relaxed at the conduction band minimum, which is the next available unoccupied state. Because the hydrogen-induced energy level possesses the conduction band character, when the corrections to the GGA band gap are involved, the formation energy of H 0 atom will increase by the energy shift from the theoretical band gap to the experimental band gap. Such an energy shift is about 2.24 eV as explained earlier, and this shift is indicated by arrows in Fig. 4 . On the other hand, the formation energy of H þ ion does not change, since the valence band maximum keeps unchanged in this correction. As a result, the formation energy of H 0 atom exceeds that of H þ ion again after the GGA band gap is corrected to the experimental band gap. Thus it is concluded that H þ ion is the lowest energy state for all the Fermi-level positions throughout the experimental band gap, E g exp . The similar result is first found for the hydrogen in ZnO oxide, which is distinctly different from other semiconductors.
31)
Activation energy of hydrogen diffusion
To evaluate the activation energy for hydrogen diffusion, we calculated the total energies of hydrogen at saddle points, as indicated by a symbol, Â, in Fig. 1(b) However, the latter diffusion from the O ð1Þ neighbor to the O ð3Þ neighbor is necessary for proton to diffuse in a longrange distance, otherwise proton would tend to be trapped by an octahedron where an acceptor ion is located in the center. Therefore, the diffusion from the O ð1Þ neighbor to the O ð3Þ neighbor is supposed to be one of the dominant proton diffusional processes. As shown in Table 1 33) Also, it is evident that in case of the Y-doped SrZrO 3 hydrogen prefers to jump onto the undoped octahedron, Zr ð2Þ O 6 , but not onto the Y-doped octahedron, YO 6 , shown in Fig. 3(a) . On the contrary, in case of the in Aldoped SrZrO 3 , hydrogen prefers to jump onto the Al-doped octahedron, AlO 6 , but not onto the undoped octahedron, Zr ð2Þ O 6 , shown in Fig. 3(b) . As a reference, the activation energies for hydrogen diffusion in undoped SrZrO 3 are also calculated. As shown in Table 1 , the values resemble the Ydoped ones rather than the Al-doped ones.
Hydrogen probably jumps onto the second-nearest neighbor oxygen ions, O ð2Þ or O ð3Þ . For all the cases of undoped, Yand Al-doped SrZrO 3 the dependence of activation energies on the H-O ð2Þ or H-O ð3Þ distance is plotted in Fig. 5 . It is apparent that the activation energy increases with the H-O ð2Þ or H-O ð3Þ distance. This result means that hydrogen diffusion becomes more difficult as the jumping distance increases. Thus, hydrogen is always stabilized at the position close to an oxygen ion, and the distortion of the neighbouring oxygen octahedra affects the protonic conductivity largely.
In addition, the electronic state around an acceptor ion and proton affects the protonic conductivity.
34) The character- istics of acceptor ions to lead to the high protonic conduction are understood from the electronic states and local geometries.
35)
Conclusion
The local geometry around hydrogen and activation energies of hydrogen diffusion in a perovskite-type oxide, SrZrO 3 , have been investigated by the first-principles density functional calculations. It is shown that the hydrogen is tightly bound to an oxygen ion and located outside the ZrO 6 octahedron in undoped SrZrO 3 . The stable position of hydrogen shifts towards the dopant ion and varies with the dopant ion in acceptor-doped SrZrO 3 . The introduction of hydrogen into the oxide induces such a large local distortion as the neighboring oxygen ions approach the hydrogen. The activation energy of hydrogen diffusion increases with the interionic distance between hydrogen and oxygen ion onto which hydrogen jumps. This relation may be helpful to the understanding of the mechanism for protonic conduction in perovskite-type oxides. Local Geometry and Energetics of Hydrogen in Orthorhombic SrZrO 3
